In individual donors which have never been exposed to malaria parasites, the CD4 ⍣ T cell precursor frequencies for tetanus toxoid (TT) and Plasmodium falciparum responses are similar (range 1:850-1:4800). Limiting dilution cultures set up in response to P. falciparum trophozoites can be re-stimulated with the same stage of the parasite or TT and respond with similar frequencies. A substantial overlap in the responses to different agents was confirmed in suicide selection experiments where cells responding to malaria parasite, TT or influenza virus antigens were deleted using the cell cycle inhibitor cytosine arabinoside (Ara-C). The responses of the remaining cells to P. falciparum were almost completely abrogated and only weak responses were observed to different recall antigens (0.2-21% of untreated control). Little or no effect was observed on the responses to superantigen or mitogen. Furthermore, in contrast to superantigen, the observed responses to TT and Plasmodium were polyclonal, the blastoid cells generated reacting with a range of anti-TCR V β antibodies with little preferential usage.
Introduction
The human malaria parasite Plasmodium falciparum has the remarkable ability to stimulate proliferation of CD4 ϩ T cells from the peripheral blood of individuals who have never previously experienced the infection (1) (2) (3) .
Such responses differ from those mediated by conventional T cell mitogens in that they have a stringent requirement for antigen-presenting cells (APC) (3) . Responses also differ from those to superantigens in that they occur at lower frequencies and require metabolically active APC (2, 3) . Furthermore, the response of CD4 ϩ T cells resides primarily within previously activated (memory) T cells (CD45RA -), although naïve T cells can be stimulated in some individuals (1) (2) (3) . Lack of previous exposure can be guaranteed for Plasmodium (unlike most environmental infections) and this therefore provides a unique opportunity for studies on the regulation of human memory CD4 ϩ T cells by an infectious agent.
Infections involving agents such as Plasmodium may have two major consequences for the memory T cell repertoire. Firstly, memory T cells with a range of specificities may be maintained by cross-reactive stimulation (4) . The observation that CD4 ϩ T cell clones derived from peripheral blood mononuclear cells (PBMC) after stimulation with Plasmodium also Correspondence to: M. R. Goodier Received 29 November 1996, accepted 2 September 1997 Transmitting editor: K. Eichmann respond to a range of bacterial, viral and fungal preparations (1, 5) supports this possibility, although the involvement of other non-specific mechanisms in the propagation of these clones cannot be ruled out. Second, Plasmodium may stimulate autoreactive T cells which are present in the blood of normal individuals by molecular mimicry of host proteins. This has been demonstrated in human T cell clones which recognize the auto-antigen myelin basic protein but can also be stimulated by homologous peptide sequences derived from common viruses (6) . P. falciparum expresses several highly abundant repetitive protein structures on its cell surface and sequences from these repetitive domains have been shown to have identical amino acids to short peptides derived from a range of human or viral proteins (7) . This would support either of the above possibilities although it is also known that molecular mimicry does not depend on simple amino acid sequence but on the three-dimensional structure of the MHCpeptide complex (8) and thus prediction of cross-reactive epitopes may be difficult. During the course of experiments designed to identify and select CD4 ϩ T cells specific for particular stages of the human malaria parasite P. falciparum we have identified a striking overlap between the responding T cell populations and those which proliferate in response to the 'recall antigens' tetanus toxoid (TT) and recombinant influenza virus. Here, using freshly isolated PBMC from individuals who have never experienced malaria infections we investigate the extent to which primary in vitro responses to P. falciparum overlap with those to other infectious agents. We describe a substantial overlap between CD4 ϩ T cell responses to P. falciparum and the recall antigen TT with regard to (i) kinetics, (ii) precursor frequencies, (iii) the proportion of cells involved in common responses as assessed by suicide selection and (iv) polyclonality of TCR V β usage. Results will be discussed with regard to cross-reactivity and the induction of autoreactivity.
Methods

Donors and cells
Venous blood was taken from a panel of 12 healthy European adults with no previous history of malaria and PBMC isolated using a standard Ficoll-Hypaque gradient. Informed consent was obtained and the study cleared by the Ethics Committee of the London School of Hygiene and Tropical Medicine.
Antigens
Asexual parasites of P. falciparum strains 3D7A or K1 were grown in vitro and used at an optimal concentration of 5ϫ10 4 / ml. T cell stimulation assays were carried out using predominantly ring/early trophozoite cultures (24 h after invasion) as these stages preferentially induce a CD4 ϩ T cell response (9) . A preservative-free preparation of TT vaccine was kindly provided by K. D. Hungerer (Behring, Marburg, Germany) and used at 5 µg/ml. TT peptides p399 (amino acid residues 257-268 of TT), P459 (residues 616-631) and 480 (residues 947-967) were used as a mixture of 10 µg/ml final concentration of each peptide to ensure recognition in the donors tested. Allantoic fluid containing recombinant influenza virus preparations X31 and Resvir 8 (kindly provided respectively by Brian Thomas and Alan Hay of the National Institute for Medical Research, London) were used at 100 haemagglutinin units/ml. X31 and Resvir 8 have conserved internal domains derived from the A/PR/8/34 virus and differ in their external glycoproteins [X31 derived from A/Aichi (1968) of the H3N2 subtype and Resvir 8 derived from a recent (1993) (1994) isolate]. Staphylococcal enterotoxins E (SEE) or B (SEB) (ICN, Aurora, OH) were used at 5 and 25 ng/ml respectively, and phytohaemagglutinin-M (PHA-M; Sigma, St Louis, MO) at 5 µg/ml.
Proliferation assays
For bulk cultures, PBMC were seeded at 5ϫ10 4 /ml in RPMI 1640 (Gibco, Paisley, UK) supplemented with 2 mM glutamine, 10 mM HEPES, penicillin (100 U/ml), streptomycin (100 µg/ ml) and 15% pooled, heat-inactivated normal human A ϩ serum (North Thames Blood Transfusion Service, London, UK) (complete medium). Cells were cultured for an optimum of 5 days in the presence of parasites or control stimuli and then pulsed overnight with methyl-[ 3 H]thymidine (Amersham, Amersham, UK) at 2.5 µCi/ml. Incorporation was measured on a liquid scintillation counter. Limiting dilution assays were carried out as previously described (2) . Briefly, PBMC were separated into adherent and non-adherent fractions by incubation on plastic Petri dishes at 3ϫ10 6 /ml in RPMI containing 10% pooled human A serum for 90 min at 37°C. Nonadherent cells were recovered by gently washing the plates with RPMI medium without serum and were used as 'responder cells'. Adherent cells were recovered by gently scraping the plates with the rubber tips of sterile syringe plungers and irradiated (3000 rad) for use as APC. Non-adherent cells were serially diluted in 2-fold steps starting at 1ϫ10 4 /well in 96-well round-bottom plates. Between 16 and 24 replicates were used per cell dilution. Then, 5ϫ10 3 adherent APC were added to each well together with the various stimuli described above. Human rIL-2 was added 72 h after the initiation of the cultures and these were then incubated for a further 5 days. Proliferation was assayed by the incorporation of [ 3 H]thymidine during the last 24 h of culture. Incorporation was scored positive for individual wells only when thymidine incorporation exceeded that observed in control cultures with APC and antigen alone by Ͼ3 SD. Re-stimulation experiments were carried out essentially as reviewed elsewhere (10) . Briefly, cultures were set up as above with asexual trophozoites of P. falciparum as antigen using either 24 or 48 replicates for each dilution. Cells were then expanded twice with rIL-2 after 3 and 9 days of culture, fresh APC being added on day 9. After a total of 14 days in culture, cells were split three ways and re-stimulated with medium alone, P. falciparum or TT in the presence of 5ϫ10 4 fresh PBMC as APC. Recombinant IL-2 was added to all cultures after a further 3 days. Individual wells were scored as positive when the [ 3 H]thymidine incorporation exceeded by 3 SD that observed in cultures with no responder cells (APC ϩ IL-2 only) The frequencies were calculated using the maximum likelihood method (11) . Frequencies with P Ͻ 0.05 were accepted.
Selection using cytosine arabinoside
Cells were initially stimulated with purified P. falciparum (5ϫ10 4 /ml), TT (5 µg/ml), a combination of three TT-specific peptides or influenza virus preparations X31 or Resvir 8 for 3 days. Cultures were then pulsed with cytosine β-D-arabinofuranoside (Ara-C; Sigma) in two separate pulses over the subsequent 24 h to a final concentration of 1 µg/ml. Viable cells were isolated using Ficoll-Hypaque, washed twice in 50 ml of RPMI 1640, rested for a further 4 days, purified once again on Ficoll and re-plated at 5ϫ10 4 cells/well in complete medium, with an equal number of γ-irradiated, freshly isolated autologous PBMC as APC. Cells from individual treatments were stimulated for 6 days with the range of stimuli described above or with medium alone. [ 3 H]Thymidine incorporation was measured during the last 16 h of culture. Superantigen (SEE) and mitogen (PHA-P) were used as controls for cell viability and to ensure that no Ara-C remained during the second round of stimulation. Results were expressed as a percentage of proliferation observed in cells left in medium alone or mock treated with Ara-C using the following formula: 100ϫ[c.p.m. 3 H incorporated in Ara-C-treated cultures -(medium background)]/[c.p.m. 3 H incorporated in untreated/ mock Ara-C-treated cultures -(medium background)]. 
Flow cytometric analysis
Viable PBMC were isolated over Ficoll-Hypaque after 6 days of stimulation with various stimuli or medium alone for twocolour analysis. Cells were labelled initially for 30 min on ice with fluorescein conjugates of Q4120, anti-human CD4 (mouse IgG1; Sigma). After subsequent washing, cells were labelled with phycoerythrin or biotinylated antibody ACT-1, anti-human IL-2R/CD25 (mouse IgG1, Sigma) which was detected following incubation with streptavidin-Quantum red (Sigma). Controls were treated with streptavidin-Quantum red alone. TCR usage was assessed in response to the various stimuli using a panel of FITC-conjugated anti-TCR V β mAb (Serotec, Kidlington, UK and Immunotech, Marseille, France) compared to isotype controls of irrelevant specificity (Serotec). A forward scatter/90°scatter gate on blastoid cells was used for analysis of TCR V β usage. Cells were analysed on a FACScan flow cytometer with Lysys II software.
Results
Recall antigens and P. falciparum stimulate CD4 ϩ T cells in primary in vitro cultures with similar kinetics T cell activation was assessed following primary in vitro stimulations of PBMC, by the acquisition of IL-2R (CD25). As previously reported (12) , the biotin-streptavidin detection system gives increased sensitivity, enabling detection of both intermediate (CD25 lo ) and high (CD25 hi ) levels of the IL-2R by flow cytometry. Unstimulated PBMC contain a substantial number of cells with CD25 lo and very few CD25 hi -expressing cells (Fig. 1, top panel) . We therefore estimated the proportion of CD4 ϩ T cells expressing IL-2R hi after in vitro stimulation with P. falciparum, TT, influenza virus, SEE and PHA compared to cells left in medium alone. The results are shown for two representative donors (Fig. 1) . In all cases, an increased proportion of cells with blastoid appearance could be Fig. 2 . Kinetics of IL-2R (CD25) expression on CD4 ϩ T cells after stimulation with P. falciparum or TT. PBMC were stimulated with P. falciparum (s), TT (u), SEE (n) or incubated in medium only (,). Cells were harvested at various time points after stimulation, purified over FicollHypaque and labelled for FACS analysis as described for Fig. 1 . IL-2R expression was determined after gating for analysis on CD4 ϩ T cells. The MFI for total IL-2R expression were calculated compared to an isotype control antibody with irrelevant specificity (A). Changes in the proportion of CD4 ϩ T cells expressing IL-2R hi were calculated (B).
detected after 6 days of stimulation (Fig. 1, left panels) . Stimulation with malaria parasites, TT and influenza increased CD25 expression mainly on CD4 ϩ T cells (right panels); SEE and PHA stimulated both CD4 ϩ and CD4 -T cells.
The kinetics for CD25 expression on CD4 ϩ T cells after stimulation with P. falciparum, TT and SEE compared to medium alone are shown for donor 2 (Fig. 2) . Mean fluorescence intensity (MFI) was calculated on the basis of total CD25 expression compared to an isotype control ( Fig. 2A ). An increase in MFI for CD25 expression within CD4 ϩ T cells could be observed for TT, P. falciparum and SEE within 64 h of stimulation, although this increase was clearly larger for the superantigen. The kinetic for CD25 expression was similar for Plasmodium and TT, the highest expression measured at 120 h after stimulation and decreasing by 168 h. Responses to SEE occurred more rapidly, maximal expression of CD25 was measured after 72 h of stimulation and decreased by 120 h. The proportions of CD4 ϩ T cells expressing IL-2R hi are shown in Fig. 2(B) . A moderate increase in the proportion of cells expressing CD25 hi could already be observed following TT and P. falciparum stimulation within 64 h. This proportion increased with similar kinetics for TT and P. falciparum. Again, CD25 hi expression was more rapid with superantigen, an increase being observed within 24 h and the highest proportion of CD25 hi CD4 ϩ T cells being observed between 120 and 168 h of stimulation. Similar kinetics for the intensity of CD25 expression and percentage of CD4 ϩ T cells expressing CD25 hi were observed following stimulation with recombinant influenza virus (data not shown).
Responses to TT and P. falciparum occur with similar precursor frequencies Given the similar kinetics of P. falciparum-and TT-induced expansion of CD4 ϩ T cells, limiting dilution analyses were carried out to assess the precursor frequencies of T cells within PBMC responding to these antigens ( Fig. 3A and B) . The precursor frequencies for responses to both stimuli were of similar magnitude (1:2730 and 1:4800 respectively for donor A, 1:2300 and 1:850 for donor B). Frequencies for the mitogen PHA were consistently higher (Ͼ1:30). Frequencies obtained for cells cultured in the presence of rIL-2 alone were much lower than those obtained with the other stimuli studied (Ͻ1:18,000 and Ͻ1:9000 for donors A and B respectively). These frequencies were similar to those obtained for uninfected erythrocytes in combination with rIL-2 (data not shown), confirming that the responses are parasite specific and cannot be attributed to contaminating leukocytes in the parasite preparations.
As similar precursor frequencies were obtained for P. falciparum and TT responses, we investigated whether the cells stimulated with asexual stage parasites could also respond to TT at a clonal level. Limiting dilution cultures were set-up in two further donors to respond to P. falciparum, split to replicate wells and re-stimulated with the same antigen, TT or left in medium alone ( Fig. 3C and D ) Frequency estimates were then calculated using APC plus antigen only as background. An increase in precursor frequency was observed in both cases compared to control cultures left in medium alone (rIL-2 only) during the period of re-stimulation. No stimulation was observed above this control level when cells were incubated without antigen during the first period of culture and then stimulated with the different preparations. This confirms that the observed responses were not due to the expansion of residual unstimulated cells in the cultures. This is highly suggestive of, at least in part, a shared response to P. falciparum and TT involving the same T cell clones.
Suicide selection reveals common responses
The marked similarity of precursor frequency for responses to P. falciparum and TT led to suicide selection experiments being carried out to further assess the extent of any shared reactivity. The selection procedure used was modified from a technique previously used to select murine CD4 ϩ T cell clones specific for variants of influenza virus (13) . Briefly, Fig. 3 . Limiting dilution analysis of responses to P. falciparum and TT in freshly isolated PBMC from two representative donors (A and B), and in PBMC from a further two donors (C and D), after primary stimulation on asexual parasites (C). Responses to asexual parasites (u), TT (m) and medium only (rIL-2) (d) are shown. Frequencies were calculated using the maximum likelihood method, where the precursor frequency is equivalent to 1/x-axis intercept for 37% negative cultures if the line passes through the origin. reactive cells which had entered the cell cycle were removed using the cytostatic drug, Ara-C, which arrests cells in S phase (14, 15) . Incorporation of Ara-C leads to cell death by apoptosis (16) . In order to visualize the effect of Ara-C, cells were stimulated for a total of 5 days and Ara-C was added for the last 48 h of culture. Treatment of cells with Ara-C preferentially removed large blastoid cells from within the viable mononuclear cell gate compared to untreated cells and resulted in an accumulation of these cells as dead cells (Fig. 4) . Furthermore, the expression of high levels of IL-2R on CD4 ϩ T cells was inhibited, the MFI decreasing from 390 to 71 after Ara-C treatment. The low level of IL-2-R/CD25 present on CD4 ϩ T cells after Ara-C treatment was similar to that typically observed on unstimulated cells (see Fig. 1 ).
For selection experiments, PBMC were stimulated with either P. falciparum, TT or recombinant influenza virus and the reactive cells killed by treatment with Ara-C after 72 h of culture. Dead cells were removed after a further 24 h by centrifugation over Ficoll-Hypaque. The remaining viable cells were rested and re-stimulated with various antigens in the presence of freshly isolated APC as described in Methods. Table 1 shows the effect of removing P. falciparum, TT, TT-derived peptide or influenza virus-reactive T cells on subsequent in vitro responses in five individuals. Results are expressed as a percentage of responses in control PBMC which had been incubated with no stimulation or with Ara-C treatment only during the initial culture period. Positive responses to T cell mitogen PHA-M were observed after drug treatment, confirming that Ara-C had no toxic effect on T cells and that the drug was not carried over into secondary cultures. Furthermore, the response to the superantigen SEE which, in contrast to the mitogen, requires APC was unaffected or increased in Ara-C-treated cultures. As expected, removal of cells responding to P. falciparum resulted in a reduced response after re-stimulation with this stage of the parasite (Ͻ0.6% of control stimulation in the five donors shown). This treatment also reduced either partially or completely the subsequent responses to TT (0.2-21% of control stimulation), TT-derived peptides (0.5-0.6% of control) and to influenza virus preparation X31 (14.1% of control). This pattern of response was also observed when cells responding to TT or influenza virus preparations X31 or Resvir 8 in primary cultures were removed by Ara-C treatment (Table 1) . In all of these cases the responses of the remaining cells re-stimulated with the same antigen were almost completely inhibited and a partial reduction was observed in the responses to other antigens used. CD4 ϩ T cell responses to P. falciparum and tetanus are polyclonal, and have similar V β representation within blastoid cells
In order to confirm a substantial overlap in the T cell repertoire for P. falciparum and TT during primary in vitro stimulation we used a selection of anti-TCR V β antibodies to compare V β usage within CD4 ϩ T cell blasts (Fig. 5) . All V β elements were detected within CD4 ϩ T cell blasts after PHA stimulation in all donors. The superantigen, SEB, preferentially stimulated V β 12.1 ϩ T cells (donors 1, 2, 4 and 5) and V β 17 ϩ (donors 4 and 5), above the level observed with PHA or medium alone, as previously described (17), with only poor representation of the other V β elements tested. For P. falciparum and TT stimulations, all of the V β elements tested were usually represented within blastoid cells in similar proportions to that observed with PHA. No substantial increases were observed for V β representation following P. falciparum and TT stimulation compared to medium control and PHA blasts. Primary in vitro responses to both P. falciparum and TT are therefore polyclonal with a pattern of V β usage within CD4 ϩ T cell blasts similar to cells stimulated with PHA or non-blastoid cells left in medium alone, and differing from the preferential usage observed with superantigen stimulated cells.
Discussion
The similarities of the kinetics and precursor frequencies for CD4 ϩ T cell responses to P. falciparum and recall antigens in malaria non-exposed donors prompted us to investigate the extent to which these responses involve the same T cell clones. Three lines of evidence support the view that a large proportion of these responses are common to the different stimuli. Firstly, re-stimulation of P. falciparum-responsive T cells with Plasmodium or TT under limiting dilution conditions revealed a similar frequency of response. Secondly, suicide selection of P. falciparum-reactive cells abrogated responses to both Plasmodium and recall antigens. In lymphocyte cultures, Ara-C removed both blastoid cells and cells expressing high levels of IL-2R also disappeared. Some small dense CD4 ϩ T cells expressing CD25 at the MFI similar to those observed in unstimulated cells remained. A similar level of expression of CD25 is commonly observed on freshly isolated CD45RO ϩ T cells, which contain T cells responding to recall antigens (18, 19) . These remaining cells did not appear to respond to asexual parasites in the short-term cultures used in this study. In addition, responses to TT, TT-derived peptides and influenza X31 were substantially reduced in the shortterm bulk stimulations used here. The response of parasitederived T cells to TT confirms the data of others that Plasmodium-stimulated CD4 ϩ T cells clones mount large proliferative responses when re-stimulated with TT or TT-derived peptides lends support to the idea of cross-reactive stimulation between parasite and bacterial-derived antigens (1) . Similarly, the observation that P. falciparum-derived T cell clones also respond on stimulation with certain virus preparations (1) could explain the reduction in response to parasite in cultures depleted of cells reactive with recombinant influenza virus isolates X31 and Resvir 8. Furthermore, short peptide sequences from the repetitive domains of five abundant plasmodial antigens are shared with those from common viruses (7). This potential cross-reactivity is unlikely to account entirely for the large overlap in the responses to Plasmodium and recall antigens deduced from our selection experiments. Furthermore the striking overlap in our suicide selection experiments between responses to influenza viruses and TT is also unlikely to be due to specific cross-reactivity as no common peptide sequence could be found in a protein database search. Cross-reactivity may, however, be difficult to predict on the basis of peptide sequence as it known that molecular mimicry can also depend on the three-dimensional structure of the MHC-peptide complex (8) . It may be, however, that in addition to the recognition of specific protein determinants which are common to parasites and tetanus other mechanisms are involved in the stimulation of CD4 ϩ T cells by Plasmodium.
Firstly, some of our overlapping CD4 ϩ T cell responses may result from the recognition of occasionally expressed autoantigens such as host stress protein determinants, as previously suggested for γδ T cells (20) . CD4 ϩ T cells could be induced by the effect of P. falciparum, tetanus or influenza virus preparations at an early stage in our lymphocyte cultures. A high proportion of P. falciparum-derived CD4 ϩ T cell clones from malaria-immune donors have been shown to react with native stress proteins of the parasite (21). It is not, however, clear whether responsive cells were originally primed on stress protein determinants from environmental agents or from the host.
Secondly, bystander activation has been proposed to be a mechanism for the maintenance of memory T cell populations (22) . TT or influenza-specific T cells are almost certainly present in our cultures as a result of vaccination or environ- mental exposure. It is therefore conceivable that P. falciparum may induce proliferation of some of these clones in primary in vitro cultures by non-specific mechanisms and it is these clones which have been reported by others to be crossreactive (1, 5) . TT or influenza may induce clones of irrelevant specificities by similar mechanisms. It is known in mouse models of influenza virus infection that only a small proportion of CD8 ϩ clones stimulated are specific for the virus used and that these cells, and to a lesser extent CD4 ϩ T cells, are propagated by non-specific mechanisms (22, 23) . The observation that P. falciparum and TT responsive CD4 ϩ T cells are polyclonal demonstrated by the presence of many different V β elements supports the recent observations of others (24) and is consistent with the possibility that both of these stimuli may stimulate a wide diversity of T cell clones, many of which may not be specific for the antigen concerned. Furthermore, the distribution of different V β elements for both stimulations was similar to that induced by the mitogen PHA without the preferential usage observed in response to superantigen SEB. Extension of these findings to a detailed analysis of junctional sequences and N-region diversity for TCR used will yield further useful information on the fine specificity of TCR usage for these stimuli.
Antigenic determinants from TT and influenza proteins may, as such, represent only a small proportion of the CD4 ϩ T cell specificities present in Plasmodium-derived blastoid cells. Further studies on the roles of cross-reactivity, auto-reactivity and monokine-induced bystander activation in T cell responses to P. falciparum and recall antigens are in progress to assess the relative contribution of specific and non-specific mechanisms. The activation state and longevity of the responding memory T cells is also relevant and merits detailed investigation. 
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